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Methods and Results The study population consisted of 22 patients with acute myocardial infarction who underwent successful coronary angioplasty. The vasodilatory reserve in the reperfused myocardium was assessed quantitatively using computer-assisted digital subtraction cine-angiography immediately after angioplasty and at follow-up angiography before hospital discharge. Myocardial contrast medium appearance time and density were determined before and after pharmacological hyperemia induced by an intracoronary injection of 12.5 mg papaverine. Global and regional left ventricular functions were determined from contrast angiography. After papaverine, the mean contrast medium appearance time decreased significantly from 3.5+±0.7 to 2.7+0.7 cardiac cycles (P<.000005) immediately after successful coronary angioplasty and from 3.8+0.7 to 2.7±0.9 cardiac cycles (P<.000005) at angiography before hospital discharge. The mean contrast medium density increased significantly from 48.7±13.8 to 61.0±19.0 pixels (P<.003) and from 49.6±19.7 to 80.3±29.6 pixels (P<.000005), respectively. As a consequence, the calculated coronary flow reserve increased significantly from 1.8±0.7 to 2.6±1.0 (P<.0008). The global ejection fraction increased significantly from 52±12% to 58±14% (P<.03), primarily because of a significant improvement in the regional myocardial function of the infarct zone from 20.8±9.0% to 26.0±10.5% (P<.0001). Coronary flow reserve correlated well with regional myocardial function both during the acute phase (R=.79, P<.002) and at follow-up angiography (R=.82, P<.000004). Interestingly, coronary flow reserve measurement on reperfusion, immediately after angioplasty, correlated significantly with regional myocardial function at follow-up angiography (R=.81, P<.00003).
Conclusions The results indicate that there is a pharmacologically inducible vasodilatory reserve in reperfused ischemic myocardium after successful coronary angioplasty in patients with acute myocardial infarction and that this is increased at 10-day follow-up angiography. More important, the degree of reactive hyperemic response on reperfusion has a predictive value regarding the ultimate degree of recovery of regional myocardial function. Quantitative assessment of reperfusion may be useful in investigating the role of coronary reperfusion and salvage of myocardial function. (Circulation. 1994; 89:1109 -1117 Key Words * reperfusion * infarcts R eduction in mortality and limitation of myocardial infarct size through early recanalization are the major goals in the management of patients with acute myocardial infarction (AMI). Previous studies have shown not only that percutaneous transluminal coronary angioplasty (PTCA) can be performed safely and effectively in patients with AMI but also that regional left ventricular function of the infarct zone can be improved after successful PTCA.1-4 However, the effect on regional blood flow reserve in the reperfused myocardium remains to be established.
The potential merit of measuring coronary flow reserve in an area of myocardium supplied by a stenosed coronary artery has been recognized.5-9 Evidence has accumulated that in AMI, vascular injury and the "no-reflow" phenomenon in the reperfused myocardium may be related to the accumulation of neutrophils myocardial infarction, valvular heart disease, hemorrhagic diathesis, or previous cerebrovascular accident were excluded. Informed consent was obtained from the patients for the additional investigation. Immediately after admission, 500 000 U of streptokinase was administered intravenously, and the patients were transferred to the catheterization laboratory. All were studied without premedication.
Intracoronary Thrombolysis and Coronary Angioplasty
Initial angiography of the suspected infarct-related artery and administration of intracoronary streptokinase were performed as previously described.1-3 Briefly, intracoronary perfusion with streptokinase was carried out at a rate of 4000 U/min to a maximum of 250 000 U. Repeat coronary angiography was performed on multiple projections and followed by the coronary angioplasty procedure. Coronary angiography was then repeated in multiple views corresponding to those used before the angioplasty procedure. Angioplasty was considered successful when a reduction of the severity of the obstruction to <50% luminal diameter narrowing was achieved with the abolition of acute ischemic symptoms and without recurrent ischemia, coronary bypass surgery, or death. Left ventricular angiography and the measurement of coronary flow reserve were performed at the end of the procedure. Before hospital discharge, coronary and left ventricular angiography and a further measurement of coronary flow reserve were repeated using the same procedure.
Analysis of Coronary and Left Ventricular Angiography
The quantitative analysis of the target coronary segment before and after coronary angioplasty and at follow-up angi- 
Coronary Flow Reserve
The calculation of coronary flow reserve was based on digital subtraction cine-angiographic determination of the appearance time and density of myocardial contrast.89'6 The analysis involves the digitization of selected end-diastolic cine-frames and the application of logarithmic nonmagnified mask-mode background subtraction. Measurement was performed after the administration of 2 mg intracoronary isosorbide dinitrate.17 ,1 The heart was atrially paced at a rate just above the spontaneous heart rate. An ECG-triggered injection (300 milliseconds after the R wave) of a fixed amount of nonionic contrast medium (iopamidol at 37°C) into the coronary artery was made using a Medrad Mark IV infusion pump. This nonionic contrast medium has a viscosity of 9.4 cP at 37C, an osmolality of 0.796 osm/kg, and an iodine content of 370 mg/mL. Injection rates were constant and judged adequate if back-flow of contrast medium into the aorta was seen. For the left coronary artery, 7 mL was injected at a flow rate of 4 mL/s, and for the right coronary artery, 5 mL was injected at a flow rate of 3 mL/s. The field size of the radiographic equipment was 7 in. The angiogram was repeated during pharmacological hyperemia, 30 seconds after a bolus injection of 12.5 mg of papaverine into the coronary artery.9"17
For the quantification of the relative coronary blood flow, five to eight end-diastolic cine-frames were selected from successive cardiac cycles. Logarithmic nonmagnified maskmode background subtraction was applied to the image subset to eliminate noncontrast medium densities. The last end-diastolic frame before administration of contrast was chosen as the mask. Each digitized image was also corrected for the dark current of the video camera. From the sequence of background-subtracted images, a contrast arrival time image was determined with the use of a fixed-density threshold.9 In this Three vessels cardiac cycle in which pixel intensity level for the first time exceeded the threshold, starting from the beginning of the ECG-triggered contrast injection. This density threshold has been derived empirically by analyzing the relation between the threshold, baseline and hyperemic myocardial contrast medium appearance times, and the resulting coronary flow reserve in 12 patients.9 In addition to the contrast arrival time image, a density image was computed with each pixel intensity value being representative of the maximal local contrast medium accumulation. Finally, the information from these two images was combined into a dual-parameter image, the contrast medium appearance picture. In this picture, the appearance time was color-coded, and the contrast medium accumulation was represented by color intensity. Coronary flow reserve was defined as the ratio of the regional flow computed from a hyperemic image divided by the regional flow of the corresponding baseline image. Regional flow values were determined using the following videodensitometric principle:
Regional blood flow (Q)= Regional vascular volume (RVV)/Transit time Regional vascular volume was assessed from the logarithmic mask-mode subtraction images. At the flow rates used, essentially all epicardial blood is replaced by contrast medium; therefore, the brightness information is proportional to the local thickness of the projected vascular system, and thus RVV=kfRV(p)dp, where k is constant, R is the selected region of interest, V(p) is the intensity distribution function of the subtraction image, and dp is the pixel position (BeersLambert relation). If the same regions of interest are used for baseline and hyperemic conditions, the coronary flow reserve can be determined from the regional blood flow values, Qh and Qb, at the hyperemic (h) and baseline (b) states, respectively:
where CD is the mean contrast density, and AT is the mean appearance time.
Mean contrast medium appearance time and density were computed with user-defined regions of interest. The regions of interest were selected and analyzed in an area of myocardium supplied by the infarct-related coronary artery, using a writing tablet that is interfaced with the computer, and were chosen in such a way that the epicardial arteries visible on the angiogram, including side-branches, aortic root, coronary Values are given as mean+SD.
ately after successful PTCA, and at follow-up angiography before hospital discharge. There were no significant changes in heart rate and mean aortic pressure, whereas end-diastolic pressure decreased significantly from 16±9 to 10±6 mm Hg (P<.04). Because end-diastolic volume remained unchanged while end-systolic volume decreased significantly, the mean global ejection fraction increased significantly from 52±12% to 58±14% (P<.03). This improvement in global ejection fraction was primarily the result of a significant increase, from 20.8±9.0% to 26.0±10.5% (P<.0001), in the regional contribution of the infarct zone, as shown in Fig 1 and Table 3 .
Vasodilatory Reserve in Reperfused Myocardium
The changes in myocardial contrast medium appearance time and density, before and 30 seconds after pharmacologically induced hyperemia, are shown in Table 4 The relation between coronary flow reserve and the regional function of the infarct zone is shown in Table 5 and Figs 3 and 4. These two parameters correlated well both during the acute phase (R=.79, P<.002) and at follow-up angiography (R=.82, P<.000004), as shown in 40- (Fig 3D) . Coronary flow reserve measured on reperfusion, immediately after PTCA, correlated significantly (R=.81, P<.00003) with the regional myocardial function of the infarct zone at follow-up angiography (Fig 4) . These relations were comparable in patients with either anterior or inferior infarction and in patients with or without a patent infarct-related artery before angioplasty (Table 5 ). In addition, no significant correlation could be demonstrated between time from symptom onset to vessel opening and regional myocardial function or coronary flow reserve. 
Discussion
This study examined coronary vasodilatory reserve and regional myocardial function in reperfused myocardium during acute and chronic phases of myocardial infarction. The patient group was highly selected in that all underwent successful PTCA of the infarct-related artery within 4 hours of AMI and that in all patients the dilated vessel was still patent at follow-up angiography before hospital discharge. Furthermore, patients with a history of systemic hypertension, cardiomyopathy, cardiac hypertrophy, hematological or endocrinological disorders, previous AMI, valvular heart disease, hemorrhagic diathesis, or previous cerebrovascular accident were excluded from the study. Thus, the findings should not be extrapolated to the majority of patients with an infarct. However, because previous clinical reports on regional coronary flow in the context of infarction and reperfusion are limited,19-21 this study is the first to document the relation between coronary flow reserve, The results indicate that a pharmacologically inducible vasodilatory reserve may persist in AMI and increase significantly with recovery. Furthermore, the extent of increase in flow reserve was found to correlate positively and significantly with early improvement in global and regional myocardial functions.
Vasodilatory Reserve in Reperfused Myocardium
In this patient group, despite successful PTCA and a significant increase documented at follow-up angiography, vasodilatory reserve remained abnormal. Our previous study9 established the relation between crosssectional obstruction area and coronary flow reserve in patients with stable angina and one-vessel coronary artery disease. and flow reserve superimposed; the values lie just outside the 95% confidence limits of the relation. Thus, for the given obstruction areas, the corresponding flow reserve is reduced. This relative lack of hyperemia may represent the "no-reflow" or, more accurately, the impaired reflow phenomenon.22 Prolonged ischemia resulting in cellular injury may initiate local responses altering myocardial perfusion.22-25 Coronary reflow accelerates inflammatory cell infiltration and the appearance of structural changes in ischemic tissue, including the development of edema and formation of contraction bands.25 Obstruction of the capillary vascular bed with platelets, fibrin, and circulating cells is believed to impede myocardial blood flow in the reperfusion phase'0"' and promote neutrophil activation with the subsequent release of proteolytic enzymes, eicosanoids, lipid peroxides, the oxygen-derived radicals, superoxide, 9 with the results of the present study superimposed. Circle represents the measurements obtained immediately after angioplasty, and triangle represents those obtained at follow-up angiography before hospital discharge. The mean values and standard deviations of the calculated coronary flow reserve and obstruction area, as obtained in the present study, fall just outside the 95% confidence limits (dashed lines) of this relation. For any given obstruction area, the corresponding coronary flow reserve for this group of patients is below the expected value. and hydrogen peroxide.10""26 Increasing vascular permeability completes a vicious circle by exacerbating interstitial edema and the extravascular resistance to blood flow. 1 ,26 Regardless of these pathological phenomena, acute cellular injury producing myocardial necrosis27 and acute coronary occlusion28 in the dog does not completely eliminate hyperemic responses. The magnitude of hyperemic responses in experimental infarction was reduced in direct proportion to the extent of eventual histological necrosis29; findings consistent with our results as shown in Fig 3D. Furthermore, Cobb et al,29 showed that reduced regional flow was similar at 4 hours and 3 days after reperfusion, indicating that local tissue responses reducing perfusion were elicited and completed within 4 hours.
Preservation of Regional Left Ventricular Function
Although several studies have focused on the potential for reperfusion to produce additional myocardial injury, both experimental30 and clinical",31 studies have established that coronary reperfusion implemented early after the ischemic insult can prevent threatened myocardium from deteriorating to complete necrosis, resulting in limitation of infarct size, preservation of left ventricular function, and reduction in mortality. Of interest in our study is the relation between coronary blood flow reserve and regional left ventricular function, as shown in Figs 3 and 4 . Indeed, these results suggest that the degree of hyperemic response on reperfusion is of positive predictive value with respect to the degree of recovery of mechanical function measured at follow-up angiography. Although the possible explanations are still open to discussion and the data presented in this study do not allow us to make a definitive conclusion as to the cause of this phenomenon, coronary flow reserve may simply reflect the functional capacity of regional perfusion in relation to the metabolic demands of the remaining viable myocardium. These findings are consistent with the data from animal29 '32 However, baseline contrast appearance time and density proved reassuringly comparable at acute and follow-up angiography (Table 3) , consistent with clinical2' emia during reperfusion after 2 to 6 hours of coronary occlusion.
Although nonionic contrast media may disturb blood flow less than ionic agents, intracoronary administration of contrast medium results in profound alterations in coronary blood flow characterized by a transient depression in the first seconds, followed by hyperemia. 16 The magnitude and timing of these changes depend primarily on contrast medium iodine concentration and injection rate. 43 The ratio of hyperemic to baseline coronary blood flow, nevertheless, remains unchanged within the first 5 seconds after contrast injection, when care is taken to keep these factors constant. 1643 Changes in vasomotor tone not only are an important source of variability in the analysis of coronary angiograms12 but also may influence coronary flow reserve measurement. To permit a valid comparison on both baseline and hyperemic conditions, changes in vasomotor tone must be avoided. This is also a prerequisite if a comparison of two or more coronary flow reserve measurements at different times is to be made. In particular, long-term study might be influenced by changes in neurohumoral factors. Therefore, pretreatment with intracoronary isosorbide dinitrate in all patients in this study effectively removes any error caused by changes in vasomotor tone. Moreover, although intracoronary papaverine does have a vasodilatory effect on both stenotic and nonstenotic coronary segments, this is the same as that produced by isosorbide dinitrate, and it does not induce a further increase in cross-sectional area. 17 The intraobserver and interobserver as well as short-, medium-, and long-term variabilities of this radiographic technique have been validated in our previous study. 44 Alterations in the transmural distribution of coronary flow, such as endocardial-to-epicardial shunting or collateral circulation, may occur in the context of AMI. This may be important because both contrast appearance time and density would be enhanced in these circumstances, producing an erroneous residual resting flow reserve. The status of collateral circulation was not available in this study because only coronary angiography of the infarct-related artery was performed to identify and to reopen the occluded artery as soon as possible. Evaluation of the contralateral artery would have postponed the actual onset of recanalization and perhaps reduced its potential benefit. In addition, angiographic evidence of collaterals is a poor diagnostic parameter because collateral vessels that are not visible by standard angiographic techniques are often present.
Finally, conclusions arising from two-dimensional cine-angiographic images of three-dimensional structures must be expressed with caution because the region of interest used to estimate flow reserve inevitably encompasses regions projected anteriorly and posteriorly that are supplied by other arterial segments.
Conclusions
A pharmacologically inducible vasodilatory reserve may persist in the reperfused ischemic myocardium of patients with AMI undergoing early successful PTCA. An increase in flow reserve documented before hospital discharge is associated with a significant improvement in reperfusion is of predictive value with respect to the ultimate degree of functional recovery of the reperfused myocardium. Whether coronary flow reserve increases further at a later stage remains to be determined. Quantitative assessment of reperfusion may be useful in assessing the reversibility of coronary vascular and myocardial damage.
